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Abstract

Is Saturn alone in the universe or are there other planets out there with stunning

ring systems like Saturn’s? To discover that Saturn is not alone would help us to

learn more about the formation and evolution of Saturn’s ring system, and about ring

systems as a whole as well. We show a process to determine which star-planet pairs

might be easiest to search for the presence of rings. We then look for exorings around

transiting exoplanet candidate KOI-422.01 by examining the residual of a best fit line

assuming that no ring system exists. After the residual was examined, we re-fit KOI-

422.01 to determine if a spherical fit exhibits a better fit than a ringed model various

ring size and orientation. It was determined that a spherical fit matched the light

curve of KOI-422.01 better than a light curve with obliquity angles 90◦, 60◦, 45◦, or

20◦. We find no evidence for rings around KOI-422.01, but the methods that we have

developed can be used for more comprehensive ring searches in the future.
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chapter 1

Introduction

Rings and disks play an important role at many scales of the universe: from galactic

planes to protoplanetary disks to rings around planets. Within our own solar system,

rings appear to be a common phenomenon, but different rings have very different

characteristics. Jupiters rings, for example, were first seen from a backlit image

by Voyager 1 (Owen et al., 1979). Neptune’s rings were first detected using stellar

occultation, but because they do not have a consistent density around Neptune it

was unclear if that planet really had rings until they were imaged by Voyager 2

(Cruikshank and Matthews, 1995). Neptune’s rings are difficult to see because they

are very dark (Cuzzi, 1985). Uranus has more dense rings than both Jupiter and

Neptune but they are also dark and difficult to see, so they were first detected using

an occultation (Elliot et al., 1977), then later viewed in 1986 by Voyager 2 (Smith et al.,

1989). Saturn, of course has the most extensive ring system, which has been studied

by observers since before 1655 and first viewed in 1610 by Galileo Galilei (Galilei,

1989). Maxwell (1856) first showed that these rings were composed of particles rather

than a solid disk.

Not only do all the giant planets in our solar system have rings, but we are finding

that smaller bodies in the solar system can have rings as well. Recently rings were

discovered around Centaur 10199 Chariklo (Braga-Ribas et al., 2014) and, Chiron

(Ortiz et al., 2015; Ruprecht et al., 2015; Thiessenhusen et al., 2002), which confirms

that solid bodies can also have ring systems. These discoveries suggest that rings may

be more common than previously recognized.

Outside of our solar system, a ‘ring’ type system was found around stellar com-

panion J1407b, as reported by Mamajek et al. (2012). This ring system was found to

have a radius on the order of 0.6 AU (Kenworthy and Mamajek, 2015). Because of the

size of the J1407b disk system, it is more likely to represent a protosatellite disk than

it is to be an exoring system, because the radius of this disk is larger than the Roche

limit of a planet. In that case, the particles associated to J1407b disk would inevitably



2

coalesce into moons. However this discovery reinforces the idea that disk systems are

common in the universe and that we can detect them with current instruments.

Ultimately, it is still unclear how rings form around planets, how long they remain

stable, or how they dissipate. There are several hypotheses that have been proposed

to explain the formation of rings. Some possible mechanisms for the formation of

Saturn’s rings are that they are remnants from the formation of the solar system, that

they are formed from comets being ripped apart by tidal forces, or tidal disruption of

satellite formation in the early solar system (Pollack et al., 1976; Harris, 1984; Canup,

2010; Dougherty and Esposito, 2009). Some rings are formed by impact or volcanic

processes ejecting particles off of moons into orbit around the planet (Tiscareno, 2013),

such as, Saturn’s E ring (Spahn et al., 2006).

Saturn’s main rings are much more complex than any other in our solar system,

and they appear to be composed of mostly water-ice (Pilcher et al., 1970). This

composition gives them their high albedo. Saturn’s rings also have an unknown age

(Cuzzi et al., 2010). Saturn’s rings could be as old as the solar system, but this idea

must than somehow explain the purity of the water-ice in the rings (Cuzzi and Estrada,

1998). Alternatively they could be as young as, or younger, than 4.4 million years old

(Northrop and Connerney, 1987). Even after 400 years of research, how Saturn’s rings

formed and evolve remains poorly understood.

With the onset of exoplanet discoveries exoplanet ring searches became a logical

next step. Barnes and Fortney (2004) showed that it is possible to detect Saturn-like

rings using Kepler transits. Arnold (2005) showed how light curves are affected by

artificial objects occulting the Sun. Ohta et al. (2009) demonstrated how to detect rings

using light curves or radial velocity methods.

This work constrains the likelihood of observing large Saturn-type ringed planets

via Kepler transit light curve detection. Section 2 explains our process for choosing

the planetary candidates most likely to have rings. A description of how these stellar

systems are modeled and analyzed to determine the presence of rings is explained

in section 3. In section 4, we show how our model simulates the planet-ring transits.

Section 5 summarizes our results. Finally, Section 6 discusses some conclusions and

possible implications about finding exoplanetary ring systems.
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chapter 2

Candidate Selection

In this initial attempt to constrain the presence of rings around exoplanets, we focus

on the best candidates. To that end, we select for Kepler Objects of Interests (KOI) (1)

that we think have the highest probability to possess a rings system and (2) that have

the highest quality Kepler photometry so that we can place a meaningful constraints

on the exoplanet. To find ringed exoplanet candidates, we search in the Mikulski

Archive for Space Telescopes (MAST) database for certain criteria for each KOI. These

criteria are: long orbital periods, a high signal-to-noise ratios (SNR), large radii, and

large ice Roche limits.

Long period orbits are prefered because we want candidates that reside beyond

the ice line where water-ice can form. As shown in Hedman (2015) it may be that

large Saturn-type rings require a composition of primarily ice. Unfortunately, Kepler

was unable to discover any candidates that have a periods & 4.4yrs, which is the

distance of the ice line for Sol (Hayashi, 1981). However, rings could potentially be

composed of rock and reside inside the ice line (Schlichting and Chang, 2011). We can

not be sure that a ring system made of rock will be large enough, due to a Roche Limit

smaller than ice. It then seems reasonable to assume that rings not made primarily

of water-ice might be difficult to detect (Arnold and Schneider, 2004). In the presence

of this restriction, we choose KOI’s with orbital periods ≥ 100 days, with the longest

periods preferred.

We required a SNR & 100. Thus, we can detect ring anomalies in the residual

from ring occultation. As we will discuss in section 3, the presence of rings is

predominantly detectable in photometry during ingress and egress of the planet-ring

system.

A good candidate will have a large inferred radius. Zuluaga et al. (2015) showed

that a ringed planet will appear larger than it should due to the presence of rings.

Thus abnormally large initial-guess planet radii can also be an indication of rings. An

example of this is imagine if an observer viewed Saturn from another star system. The
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KOI 289.02 422.01 1353.01 3541.01

Rp (RJup) 0.63 1.3 1.0 1.1
Mp (MJup) 0.5 0.8 1 1

Period (days) 296.653 809.014 125.865 421.428

Rice (RJup) 2.73 2.45 2.64 2.64

Rrock (RJup) 1.89 1.70 1.83 1.83

Rice
Rp

4.64 1.82 2.66 1.84

Rrock
Rp

3.21 1.26 1.84 1.83

Table 2 .1 : Roche Limits for planetary candidates KOI-289.02, KOI-422.01, KOI-
1353.01, and KOI-3541.01 with ice or rock particles. Periods are in days, planet radii,
and Roche values are in Jupiter radii. The planet radius and mass are established from
Fortney et al. (2007). Errors associated with the period are < ± 0.001. Errors associated
with Roche limits are ± 0.1 which is attributed primarily to the mass estimate as other
errors are negligible in comparison.

observer would initially deduce the radius of Saturn to be twice as large as the true

radius due to the rings (Tusnski and Valio, 2011). This scenario is expected to happen

with us as the interstellar observer. Therefore, we eliminate all candidate with radii

less than 0.5 RJup.

If a planet candidate has a small Roche limit then, the rings orbiting that planet

would be too small to detect. We assume that any ring system will lie inside its planets

Roche limit. Therefore, we calculate the Roche limit of the remaining candidates using

the equation

R ≈ 2.45Rp(
ρp

ρ
)

1
3 (2.1)

where Rp is planet radius, ρp is the planets density, and ρ is the particle density

(Carroll and Ostlie, 1996). Figure 7 of Fortney et al. (2007) was used to assign a mass,

based on a probable radius, to each planet candidate. The Roche limit was than

calculated using ρ = 1g/cm3 (ice), and ρ = 3g/cm3 (rock).

These criteria allowed us to select four of the KOIs on which to focus: KOI-289.02,

KOI-422.01, KOI-1353.01, and KOI-3541.01.

I
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chapter 3

Data

We obtained Kepler photometry from the publicly available MAST database. We

processed the data before evaluating it for the absence or presence of exorings. After

cleaning the data we fit each planet candidate as a spherical body to determine if

there is probable cause to search for exorings.

3 .1 data reduction

Our planetary reduction methods were kept to a minimum to ensure that we did not

introduce any artifacts. First we filtered the data with a median box filter. The filter

box is & 3 times the length of the transit duration to keep the transits unaffected.

As the ingress and egress of the light curve are imperative to the detection of

rings we determine the orbital period manually. The orbital period was determined

by folding the data, using the period provided by NASA Exoplanet Archive, then

adjusting the orbital period as needed to obtain an accurate value for the period. An

appropriate fold will align the midpoint of one transit with the midpoint of all other

transits. We did not bin the long-cadence data to ensure we did not smear the critical

ingress and egress data.

3 .2 spherical fits

To model our ringed planets we initially evaluate them as spherical planets using

transitfitter (Barnes and Fortney, 2004). The spherical fit will determine the planet

and star radius, impact parameter (b), and eccentricity (ε), but the fit will determine

an improper planet radius if there really are rings. These fits will be used to search

for residual anomalies, like those predicted by Barnes and Fortney (2004). We also

use these values as initial guesses for ringed models in section 4.

Upon fitting each planet candidate, we examine the residuals to determine if

anomalies are present. The characteristics that we are looking for in the residual
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F igure 3 .1 : Illustration of 1st - 4th contact points on light curve and transiting
bodies. 1st contact is the point at which the planet/ring first touches the star, causing
the initial decline in luminosity. 2nd contact is once the trailing end of the planet
crosses the stellar limb. This causes a change in inflection of the light curve. 3rd and
4th contact are 2nd and 1st contact in reverse respectively.
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are best seen between 1st and 2nd contact (ingress), then again between 3rd and 4th

contact (egress). These contact points are illustrated in Figure 1. We can see the

expected anomalies, indicating rings, in Figure 6 for various angles. As seen for an

obliquity (open) angle of 45◦ the residual will initially be higher than expected. Then

near the midpoint of the ingress the residual becomes negative and eventually returns

to an expected value. After the midpoint, the residual will slightly drop negative then

become a positive residual to a negative residual returning to zero as the planet passes

the last contact point.

The results from fitting these candidates as a spherical model are shown in Table 2

with our best fit lines and their residuals being displayed in Figures 2 through 5. Table

2 displays the star temperature of each of these candidates, from these temperature

we are able to roughly estimate the value of the stellar mass. KOI-289, KOI-422, and

KOI-1353 were set to have a mass of 1.1 M� and KOI-3541 was set to a mass of 1.2

M�. The limb darkening coefficients for each KOI was defined by Sing (2010). All

other values on Table 2 are fit for.

As seen in Table 2 both KOI-289.02 and KOI-1353.01 have radii smaller than Jupiter.

These radii do not rule out rings around them, but do make them less desirable as

fitting candidates. KOI-422.01 and KOI-3541.01, on the other hand, have a larger

planet radius than would be expected for cold giants (Rp . 1.1).

Upon exploring the residuals of the four candidates we discover that all candidates

have a flat residuals. The flat residual makes it probable that these candidates either

have no rings or undetectable rings. Either because there are no rings, their rings are

too small, or obliquity angle is too low, we were not able to detect rings with this

method.

The radii of KOI-422.01 and KOI-3541.01 make them the best candidates to test for

Saturn-type rings. The purpose of this paper is to uncover the feasibility of detecting

Saturn-type rings around exoplanets, therefore only one of these two candidates will

be evaluated. KOI-422.01 is being used because it has a longer orbital period and

because it is less likely to be a brown dwarf or companion star due to KOI-3541.01

exceptionally large initial guess radius.
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KOI 289.02 422.01 1353.01 3541.01

Temp. (K) 5951 ±180 6242 ±165 6279 ±171 6235 ±189
Rs (R�) 1.34 ±0.08 1.34 ±0.04 1.00 ±0.02 0.99 ±0.08

Rp (RJup) 0.634 ±0.04 1.72 ±0.06 1.02 ±0.03 2.85 ±0.24
b 0.21 ±0.087 1.95 ±0.04 0.41 ±0.027 0.76 ±0.10
ε 0 0.69 ±0.01 0 0.55 ±0.06
c1 0.64 0.6221 0.6221 0.6221

c2 0 0.0175 0.0175 0.0175

χ2
1.98 1.19 1.45 7.64

Table 3 .1 : Paramaters of spherical model fit. Star mass are 1.1 M� for KOI-289,
KOI-422, and KOI-1353 and 1.2 M� for KOI-3541. Temperatures are in Kelvin, Rs are
in solar radii, Rp are in Jupiter radii, b is the impact parameter, ε is eccentricity, c1 and
c2 are the first two limb darkening coefficients, and χ2 is the statistical distribution test.
Coefficients for stars limb darkening are obtained from Sing (2010) Table 2, and Stellar
temperatures are obtained from CFOP (Community Follow-up Observing Program).
Planetary systems with ε = 0 were not fit for eccentricity because a circular orbit fit
well.
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F igure 3 .3 : KOI-422 spherical fit (top) and residual (bottom).
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F igure 3 .5 : KOI-3541 spherical fit (top) and residual (bottom).
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Barnes and Fortney (2004). With azimuth angle and impact parameter set to π/4 and
0.7 respectively. Opening ring angles of 10◦ (dotted line), 30◦ (dashed-dotted line),
45◦ (dashed line), and 90◦ (solid line; face-on).
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chapter 4

Model

We use transitfitter (Barnes and Fortney, 2004) to produce synthetic light curves by

simulating a spherical planet occulting a spherical star. The light curve is generated

by taking a moment in time and integrating the total stellar flux blocked by the planet.

It then repeats this for every instant in the planet’s orbit.

When transitfitter is applied to a ring system, the rings is placed in the Laplace

plane. As shown in Burns et al. (1979), the Laplace plane close to a planet is very

near the equatorial plane, thus the model places the ring around the equator of the

exoplanet.

4 .1 model parameters

Generalized orientations of rings requires the model to compensate for the different

effects of each geometry on light curves. Our model allows the adjustment of five ring

parameters listed below and shown in Figure 7.

1. Inner ring radius (Ri)

2. Outer ring radius (Ro)

3. Normal optical depth (τ)

4. Obliquity (φ)

5. Azimuth angle (ψ)

The inner radius is the distance from the center of the planet to the inner edge of

the ring. The outer radius, likewise, is the distance from the center of the planet to

the outer edge of the ring. The difference between these is the size of the rings as

determined by the fit.
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F igure 4 .1 : Angles definitions obliquity (φ), azimuth (ψ), Ro is outer radius of rings
Ri is inner radius of rings Rp is radius of the planet.

There is a broad range of normal optical depth τ from the known ring systems in

our solar system. Because τ is not the same for Jupiter as it is for Saturn, it becomes

necessary to also allow for variety in our exoplanet candidates.

The obliquity, φ, is 90◦ when the north pole is pointed towards Earth. When

φ = 90◦, the light curve will be symmetric about the mid-transit point, as shown

in Figure 6. The azimuth angle, ψ, is the angle describing how far clockwise or

counterclockwise the north pole is from the celestial plane. A rotation in ψ will have

no effect on the light curve if φ = 0◦ or 90◦ because the position of the north pole

is unaffected; however, the equatorial angle will change the ingress and egress of the

light curve at any other value of φ.

4 .2 ring model evaluation

In this work we only consider whether a planet has large Saturn-type rings. Our

model cannot detect the presence of small or diffuse rings; large, opaque rings are

necessary to differentiate a ring system from a spherical body. Because of this limita-

tion, we only constrain the largest a ring system can be to explain a light curve.
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When fitting a ring system we hold τ, ψ, φ, Rp, and Ri constant. We hold τ

constant because for any given ring system’s light curve, as the same fit can typically

be explained with a higher τ and lower ring radius or a lower τ and higher ring

radius. For our initial guess we have defined τ = 1; later iterations adjust τ to

determine probable normal optical depth. Saturn’s A and B rings have an average

opacity of ≈ 2.5 (Nicholson, 2000), therefore, our search for exorings varies τ from 0.2

to 5. To determine the most likely orientation of the rings we fixed azimuth, ψ, to 90◦

and adjusted obliquity, φ, on various fits. The obliquity angles are set to 90◦, 60◦, 45◦,

and 20◦ for subsequent fits. These angles will determine the probable position for the

rings.

In Fortney et al. (2007) it was demonstrated that the radius of a planet is related to

the mass and distance from the star, we note from their work that all planet radii are

. 1.3 RJup, but cold as giants to be . 1.0 RJup. Allowing us to hold Rp = 1 when the

spherical model indicates a radius larger than ∼ 1 RJup. Although, the planet radius

could be less than 1, of course ,we choose this value because it is an easy number and

any other radius chosen would also be a valid guess. To maintain realistic results, we

include a gap between Ri and Rp, fixing the inner radius of the ring to be 1.1 RJup

(Estrada et al., 2015).

With τ, ψ, φ, Rp, and Ri held constant, the ring model is fit for outer ring radius,

star radius, eccentricity, and impact parameter. The spherical model values are used

for initial guess in the ring model.

The ring size and orientation will be determined by plotting reduced χ2 vs. τ

graph for the various ring angles and normal optic depth. Probable ring orientation

and ring size is determined by lowest χ2 value method.
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chapter 5

Results

Our results from the spherical model for all candidates show no significant residuals

that might indicate the presence of a ring system. Therefore, we attempt to establish

upper limits on rings surrounding one of our four candidates. We chose KOI-422.01

for the detailed calculations of upper limit. KOI-422.01 has a large initial guess planet

radius determined by transitfitter, and it also has the longest orbital period of the

four candidates. Because cold gas giants with radius larger than ∼ 1.0 RJup (Fortney

et al., 2007; Seager et al., 2007) cannot exist, we deduce that if KOI-422.01 is a planet,

then it probably has rings. Also, with an orbital period of ∼ 809 days, it is less likely

that the host star’s gravity and radiance would adversely influence the planet’s rings.

To first examine the possibility of an asymmetric transit, we check the fit for ring

orientation having an obliquity φ = 45◦ and azimuthal angle ψ = 45◦. The best-fit

result using a spherical-planet model has Rs = 1.1± 0.03, Ro = 2.0± 0.08, Rring =

0.9 RJup, and χ2
r = 4.99. Such a high value of χ2

r in relation to χ2
spher indicates that

any potential rings cannot deviate far from an azimuthal angle with the north pole

pointing towards or away from us.

Because the most easily measured aspects of light curves are primarily a function

of the total cross-sectional area of the transiting body, some light curves can be ex-

plained by multiple possible scenarios. For instance, if a ring system has an azimuthal

or obliquity angle of 45◦ it would be indistinguishable from an angle of 135◦ or any

iteration of 90◦. To prevent degeneracy in fitting on a single light curve, we hold Rp,

ψ, φ, Ri, and τ constant. We hold Rp constant at 1 RJup for KOI-422.01, assuming

the highest possible planet radius as if this object were a ringed planet. Azimuth

angle ψ is held constant because there is no evidence in the residual that suggest an

asymmetry, therefore we hold ψ at 90◦ as this is the only angle that will result in a

symmetric light curve. The obliquity angle φ is held constant on each fit, but we run

separate fits with φ = 90◦, 60◦, 45◦, and 20◦ to explore parameter space. We keep

the inner radius of the ring constant to 1.1 RJup to retain a gap between the ring and



18

KOI-422.01

Angle 90◦ 60◦ 45◦ 20◦

Rs (R�) 1.16 ±0.08 1.18 ±0.04 1.17 ±0.04 1.12 ±0.04
τ 1. 2. 5. 2

Ro (RJup) 1.68 ±0.13 1.66 ±0.07. 1.77 ±0.07 2.30 ±0.12
b 1.82 ±0.09 01.87 ±0.04 1.86 ±0.05 1.78 ±0.05
ε 0.62 ±0.04 0.63 ±0.02 0.62 ±0.02 0.65 ±0.03

χ2
1.38 1.31 1.30 1.26

Table 5 .1 : Ring Fit Parameters. Ring Fit Parameters for lowest χ2 vs τ values. Rs in
Solar radii and Ro in Jupiter radii.

planet as would result from atmospheric drag. The normal optical depth τ is held

constant because a light curve with a larger ring system and lower optical depth will

give the same results as a smaller ring system and higher optical depth, but we again

assign varying values of τ on successive fits to explore its effects.

Given the constraint values above, we now fit for outer ring radius (Ro), star

radius (Rs), eccentricity (ε), and impact parameter b. We fit to determine the most

plausible orientation and size of a hypothetical rings surrounding KOI-422.01 using

transitfitter fitting for Rs, ε, Ro and, b then adjust τ on subsequent fits. We then

plot the resulting χ2
r vs. τ as shown in Figure 8. We will then change obliquity φ,

keeping azimuthal ψ constant, to ascertain a preferable orientation of the ring system.

Examining Figure 8, we can see that the a spherical model is favorable to any ring

system around KOI-422.01. Therefore we interpret that if KOI-422.01 has rings, then

they are undetectable using our method. Possible reasons that we might miss a ring

could be that the gap between the simulated ring and planet was too large, which

would increase the χ2
r value. Or the rings might have a lower obliquity angle than

was tested in this paper (i.e φ < 20◦), or the rings could be smaller in radial extent

than we are able to detect with this method.
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F igure 5 .1 : χ2 as a function of τ. The resulting χ2 for each obliquity angle φ as τ is
adjusted. The blue dot-dashed line is φ = 90◦, red dotted line is φ = 60◦, grey solid
line is φ = 45◦, green dashed line φ = 20◦, and black dotted line is a spherical fit for
KOI-422.01.
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chapter 6

Conclusion

In this initial pilot investigation to search for rings around exoplanets we have shown

that KOI-422.01 is likely absent of large Saturn-type rings, by using a lowest χ2 and

residual methods. It is always possible however, that any of our four candidates

possess a ring system that we cannot detect because the rings are too small, too

transparent, or have a low obliquity angle (i.e., they are nearly edge on). It is also

possible that none of these planets have rings. It is, perhaps, no surprise that KOI-

422.01 does not have a detectible ring system given that it does not reside beyond the

ice line of its host star. The implications of then planet’s semi-major axis is that any

rings around KOI-422.01 could not be made of ice.

To be able to answer fundamental questions of rings’ origins and longevity, this

pilot program would need to be expanded to search more for transiting planets

ring candidates. Many questions can be answered once we find more potential

exorings candidates, such as how long rings remain intact, and we can also get a better

understanding of both the formation of rings and the formation of stellar systems

(Barnes and Fortney, 2004). It seems reasonable to start a search for more exorings in

the Kepler catalog. Once a large number of potential candidates have been found then

perhaps some of these questions can be better understood.
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